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Edited by Hans EklundAbstract A response regulator YycF and its cognate sensor
kinase YycG constitute the two-component signal transduction
system essential for growth of Gram-positive bacteria with a
low GC content. We have determined the X-ray crystal structure
of the eﬀector domain of Bacillus subtilis YycF involved in DNA
binding. The structure, containing a winged helix-turn-helix mo-
tif, was found to be very similar to that of the response regulator
PhoB from Escherichia coli. Speciﬁc binding of YycF to the
PhoB-regulated alkaline phosphatase promoter was also demon-
strated.
 2008 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.
Keywords: DNA-binding domain; Response regulator;
Two-component system1. Introduction
To adapt to various environments and their changes, bacte-
ria have developed the two-component signal transduction sys-
tem [1], which consists of a membrane-associated sensor
histidine kinase (HK) and a cytosolic response regulator
(RR). This system is able to transduce exterior signals inside
the cell, thereby regulating expression of genes involved in var-
ious cellular responses. Depending on a particular environ-
mental signal, HK autophosphorylates a conserved His
residue and then the cognate RR receives the phosphate group
at a conserved Asp residue from HK. The majority of RRs act
as DNA-binding transcription factors in a phosphorylation-
dependent manner.
A two-component system comprised of an HK designated
YycG and its cognate RR designated YycF is speciﬁcally con-
served in Gram-positive bacteria with a low GC content. The
YycG/YycF system is essential for growth of Bacillus subtilis,
Staphylococcus aureus, and Streptococcus pneumoniae [2–5].*Corresponding authors. Fax: +81 6 6879 8464 (T. Okajima), +81 742
43 8976 (R. Utsumi).
E-mail addresses: tokajima@sanken.osaka-u.ac.jp (T. Okajima),
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doi:10.1016/j.febslet.2008.09.007This system is activated during the logarithmic phase of bacte-
rial growth [2] and regulates cell wall biosynthesis and mem-
brane composition, although the signal(s) to which YycG
responds remain unidentiﬁed. The essential nature of this sig-
naling system makes it an attractive target for developing no-
vel antibiotics [2,6].
YycF belongs to the OmpR/PhoB subfamily of RRs [7]. Se-
quence analyses and structural studies [1,5,8] have shown that
this subfamily has a common structural architecture composed
of two functional domains, regulatory and eﬀector, connected
with a linker. Phosphorylation of a conserved Asp residue in
the regulatory domain probably induces conformational
changes, resulting in activation of the eﬀector domain that is
involved in DNA binding [1,8]. Nevertheless, stereospeciﬁc
interactions of the eﬀector domain with the target DNA and
also with the regulatory domain remain unsolved for most
RRs including YycF.
To gain further insight into the structure-based functions of
YycF, we have determined the X-ray crystal structure of the
DNA-binding eﬀector domain of YycF from B. subtilis
(YycF-C), for which the most biochemical data has been accu-
mulated among YycF proteins from various bacteria [2,3,7].
The structure of YycF-Cwas found to resemble those of homol-
ogous proteins from other bacterial sources [5,9]. The structure
of the YycF–DNA complex has been modeled in silico on the
basis of the structure of PhoB from Escherichia coli complexed
with its target DNA [8]. Speciﬁc interactions of YycF with the
target DNA have also been demonstrated by DNase I foot-
print, gel mobility shift, and enzyme expression assays.2. Materials and methods
The His-tagged YycF protein was used for structural and biological
studies. Gel mobility shift and DNA footprint assays were done by
conventional methods with the promoter region (PyycF) of the yycF
gene of B. subtilis and that (PphoA) of the phoA gene of E. coli. The
detailed methods are provided in the Supplementary information.3. Results and discussion
3.1. Crystal structure
The puriﬁed YycF protein has an apparent molecular
mass of about 27 kDa (as determined by SDS–PAGE) andublished by Elsevier B.V. All rights reserved.
Fig. 1. Crystal structure of YycF-C shown by a ribbon diagram.
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cal with that expected for the intact YycF. However, after the
protein sample was placed in a dialysis button for 2–3 months
for crystallization it had a size of only about 12 kDa by SDS–
PAGE and an N-terminal sequence (EEPSSNEI) correspond-Fig. 2. Comparison of amino acid sequences of the OmpR/PhoB RR subfami
sequence alignment for the C-terminal half of YycF from Bacillus subtil
Streptococcus pneumoniae (Q9S1K0), VicR from Enterococcus faecalis (Q836
(#) and (+) represent residues interacting with the phosphate or ribose moie
assigned with YycF-C are shown above the sequences. The underlined sequ
sequencer. (B) Consensus sequences of YycF and PhoB target DNA. The p
represent the direct repeat.ing to an internal sequence from Glu128 to Ile135, occurring in
the linker region between the two domains (see Fig. 2A, under-
lined). These results suggested that the YycF protein had
undergone proteolytic cleavage during crystallization at the
ﬂexible linker region. Thus the crystals were found to contain
only the C-terminal half of YycF (YycF-C; residues 131–233);
the N-terminal half appeared to be further degraded, although
we did not conﬁrm that the puriﬁed YycF preparation was
contaminated with a protease.
We solved the crystal structure of YycF-C at 2.4-A˚ resolu-
tion and deposited the coordinates with PDB entry ID,
2D1V. It consists of a four-stranded antiparallel b-sheets plat-
form (b1–b4), a three a-helices bundle (a1–a3), and a b-hairpin
(b5–b6) (Figs. 1 and 2A). The three helices (a1–a3) form a
right-handed helical bundle and make up a winged helix-
turn-helix motif with the C-terminal b-hairpin, involved in
DNA binding [8].
3.2. Comparison with other RRs
When comparing the amino acid sequences of the eﬀector
domains, YycF shows a high identity (82%) with VicR (a
YycF ortholog) from Enterococcus faecalis [9] but relatively
low identities (29–37%) with OmpR and PhoB (Fig. 2A). Nev-
ertheless, the crystal structures of YycF-C and the eﬀector do-
mains of not only VicR but also of OmpR, PhoB, and DNA-
complexed PhoB, are very similar, with root-mean-square
deviations of 1.0, 3.1, 2.3, and 2.4 A˚, respectively, for the coor-
dinates of all main chain atoms. Indeed, most parts of thely and promoter DNA sequences recognized by them. (A) The multiple
is (UniProt entry: P37478), Staphylococcus aureus (Q9XCM7), and
C2), and OmpR (P0AA16) and PhoB (P0AFJ5) from Escherichia coli.
ty and the base moiety, respectively. The secondary structure elements
ence represents the N-terminus of YycF-C determined by the protein
utative target sequence identiﬁed in PyycF is also aligned. Two boxes
3436 T. Okajima et al. / FEBS Letters 582 (2008) 3434–3438main chains of these proteins, except for the a2–a3 loop of
OmpR, are nearly superimposable with each other (Fig. 3A).
Although the a2–a3 loop of OmpR has been assumed to inter-
act with the a subunit of RNA polymerase [10], the corre-
sponding loop of PhoB interacts with the r70 subunit to
regulate transcriptional initiation [8]. Therefore, based on their
structural similarities, the a2–a3 loop of YycF presumably
interacts with the r70 subunit, as reported for VicR [9].
The structure of YycF-C also resembles the DNA-com-
plexed form of PhoB, whose eﬀector domain is bound to the
target DNA without signiﬁcant conformational changes [8].
In the PhoB–DNA complex, 14 residues (indicated with #
marks in Fig. 2A) are involved in non-speciﬁc interactions with
the ribose and phosphate moieties of the bound DNA, among
which 10 residues are also conserved in the YycF sequences.
Furthermore, 4 residues (indicated with + marks in Fig. 2A)
that are involved in speciﬁc interactions with the nucleotide
bases in the PhoB–DNA complex [8] are completely conserved
in the YycF sequence (Thr197, Val200, Arg204, and Arg223 in
B. subtilis YycF).
As for the promoter sequences recognized by these RR pro-
teins, two molecules of RR belonging to the OmpR/PhoB sub-
family are bound in tandem to a direct repeat of the promoter
DNA [1,8]. A consensus promoter sequence recognized by
YycF (called YycF box) consists of 6 nucleotides where theFig. 3. Stereoviews of superimposed eﬀector domains and the YycF–DNA c
1GXQ), OmpR (green, 1ODD), and VicR (red, 2HWV) are superimposed to
main-chain atoms. (B) Models of two YycF-C molecules (blue) are superim
Side chains involved in the speciﬁc interactions with nucleotide bases are sh4th and 6th bases (A) may also be T and T or C, respectively
(Fig. 2B). The two YycF boxes are separated by ﬁve nucleo-
tides in the genes of B. subtilis [11] and S. aureus [7], thus
occurring as a direct repeat upstream (5 0 to) from the putative
–10 region. If the alternative bases are included, the sequence
recognized by PhoB (PhoB box) is also grouped into the
YycF family, except for the 4th base (C) (Fig. 2B), which does
not interact directly with the PhoB protein in the DNA
complex [8].
3.3. DNA complex model
Based on these similarities of the protein structures of YycF
and PhoB and also of the promoter DNA sequences recog-
nized by them, we have modeled, in silico, the structures of
two YycF-C molecules bound in tandem to the direct repeat
of the PhoB promoter DNA by using commercially available
software, MOE (CCG Inc., Canada) (Fig. 3B). Initial steric
clashes of the resultant YycF-C models with any part of the
DNA were avoided by manual re-modeling and energy mini-
mization calculations. In this model, each YycF-C is bound
to the phosphate groups of DNA mainly through the posi-
tively charged helix a3, containing the residues mentioned
above (Thr197, Val200, and Arg204). The helix a3 ﬁts well
to the major groove of DNA. In addition, the conserved resi-
due on the b5–b6 loop (Arg223) is able to interact with theomplex model. (A) The eﬀector domains of PhoB (yellow, PDB entry:
YycF-C from B. subtilis (blue, 2D1V) on the basis of the best ﬁt of all
posed onto PhoB (pink, 1GXP) complexed with its target DNA (red).
own by stick models.
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(Fig. 3B). The conserved residues participating in the speciﬁc
recognition of DNA (Thr197, Val200, and Arg204) are posi-
tioned in close vicinity to the 2nd and 3rd bases (G–T) of
the consensus sequence (Fig. 2B), suggesting that YycF-C rec-
ognizes the promoter DNA sequence in a very similar manner
to that of PhoB. Recently, the a3–b5 loop region of VicR was
shown to contact with DNA in the complex model [9]. Similar
interaction is also observed in the DNA complexed model of
YycF-C (Fig. 3B). Although the crystal packing may have af-
fected the loop conformation, the regions interacting with
DNA are likely common to YycF and VicR, sharing the se-
quence PS(H/R)P (Fig. 2A). Furthermore, it has been re-
ported that a His215ﬁ Pro mutation within the a3–b5 loop
of YycF-C of B. subtilis makes the bacterium temperature-sen-
sitive [2]. The isolated mutant protein of YycF showed low
thermostability and a decreased DNA-binding activity [12],
suggesting an important role of this loop region in the DNA
recognition.3.4. Binding of YycF to the PhoB and YycF promoters
To examine the validity of the above model of the YycF–
DNA complex, we analyzed the binding ability of YycF to
the PhoB-recognized promoter, PphoA, whose expression isFig. 4. DNase I footprints of PyycF and PphoA, and YycF-regulated AP act
template strand of PyycF (A) and PphoA (B). Fragments were incubated wi
reaction; 1, no protein; 2, 62.5 pmol of YycF; 3, 125 pmol; 4, 250 pmol; 5,
regions protected by His-tagged YycF from DNase I cleavage and the conserv
PphoA. (D) AP activity assays in the cell extracts of Escherichia coli grown
expression with indicated concentrations of IPTG. The expression level of Ystrictly controlled in the cellular response to phosphate starva-
tion [13]. As shown in Fig. 1S of the Supplementary data, gel
mobility shift assays indicated that His-tagged YycF speciﬁ-
cally bound with the PhoB target, PphoA. Interestingly, spe-
ciﬁc binding of His-tagged YycF was also observed for the
promoter-like region of the yycF gene itself, containing the
putative target sequence (PyycF) (Fig. 2B and Fig. 1S). More-
over, DNase I footprints showed that the region protected by
His-tagged YycF (indicated with white boxes inFig. 4A and B)
included the direct repeats of the YycF and PhoB boxes
(Fig. 4C), clearly showing the speciﬁc binding of His-tagged
YycF to this region, even though the third A in the second re-
peat of the YycF box is replaced by T in PyycF (Fig. 2B). This
binding ability of YycF with PyycF has been found for the ﬁrst
time in this study, but its physiological signiﬁcance remains
uncertain; expression of the b-galactosidase gene inserted un-
der control of the PyycF region in the genome was unaﬀected
when transcriptional levels of the yycF operon supplied in a
plasmid were varied [2]. Nevertheless, YycF expression was
up-regulated during logarithmic phase [2], in coordination
with the YycF regulons. These results suggest that YycF has
a certain degree of plasticity in the recognition of the promoter
DNA sequences (Fig. 2B) and is thus able to bind with not
only the promoter of yocH (PyocH), a well-known YycF target
[11] (see Fig. 1S), but also PphoA and PyycF.ivity. Lanes contained approximately 5 · 104 cpm of each labeled non-
th the puriﬁed His-tagged YycF. Lane M, A + G Maxam and Gilbert
500 pmol. (C) White bars (boxes in A and B) and arrows indicate the
ed direct repeats, respectively, in the nucleotide sequences of PyycF and
under the phosphate-limited conditions and after induction of YycF
ycF was examined by SDS–PAGE.
3438 T. Okajima et al. / FEBS Letters 582 (2008) 3434–3438We also assayed the phoA-coded alkaline phosphatase (AP)
activities in E. coli cells transformed with the plasmid carrying
the yycF gene [6]. Under phosphate-rich conditions, AP activ-
ities were less than 1% of those assayed under phosphate-lim-
ited conditions, regardless of the presence of YycF (data not
shown). However, AP expression, which was up-regulated by
the endogenous PhoR–PhoB in the phosphate-limited environ-
ments, decreased as the expressed amount of YycF increased
(by IPTG induction) (Fig. 4D). These results clearly show that
YycF does not activate phoA transcription, but instead it re-
presses AP expression, presumably by competing with the
endogenous PhoB for binding with PphoA. Recently, Howell
et al. [14] have reported regulatory links between the PhoR–
PhoP (the homologue of E. coli PhoR–PhoB) and YycG–YycF
systems in B. subtilis, in which PhoR HK is able to activate
YycF by phosphoryl group transfer, and YycF is able to bind
directly with the promoter of the phoP–phoR operon. In con-
clusion, the YycG–YycF system presumably plays a central
role in such an intricate crosstalk between two or more distinct
signal transduction systems and hence is essential for bacterial
growth.
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